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Abstract

A comparison is made between, on the one hand, the red-emitting laser structure currently
widely used for medical applications and based on an ultranarrow waveguide layer with a
compressively strained QW active layer in it and, on the other hand, the red emitting laser
using a broadened asymmetric waveguide structure with a bulk active layer near the p-clad-
ding, proposed by us. It is shown that the proposed design promises substantial improve-
ments over the ultranarrow one including lower series and thermal resistances, and higher
catastrophic degradation threshold, while maintaining relatively narrow far field and allow-
ing the typical power required for medical applications to be achieved at lower currents,
particularly at elevated temperatures.

keywords Semiconductor lasers - Lasers for medicine - Red emitting lasers - AlGaInP -
Ultranarrow waveguide - Asymmetric waveguide

1 Background and general considerations

Red-emitting diode lasers find increasingly broad use in medicine (see Hagimoto et al.
(2023) and references in it). Ref. Hagimoto et al. (2023) presents some recent results of
experimental investigations of broad stripe (80 um) AlGalnP based lasers emitting in the
wavelength range of 630-690 nm for medical applications.

The active layer of a laser of the design of Hagimoto et al. (2023) includes a strained
QW and two barriers, which form an ultra-narrow waveguide layer first described in
Dumke (1975), Casey and Panish (1978). The use of such ultra-narrow waveguides, in
principle, allows the laser to emit only a single transverse mode, with a narrow far field
possible (Dumke 1975; Casey and Panish 1978; Boucher and Callahan 2011; Marmalyuk
et al. 2017; Shashkin et al. 2020).

The experimentally realised lasers presented in Hagimoto et al. (2023) (especially the
lasers emitting at wavelengths greater than 650 nm, for which compressively strained
QWs are used) demonstrate very high efficiency at moderate injection current densities.
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However, with increasing injection current density, the optical power becomes saturated,
which is known to be due to strong ohmic heating of the laser and the leakage of electrons
into the p-cladding caused by this heating (Bour et al. 1993; Smowton et al. 2002).

Note also that the half-width of the far field for all lasers presented in Hagimoto et al.
(2023) was ~31°, a relatively large value potentially limiting the fibre input efficiency.

In our recent theoretical work (Ryvkin et al. 2020; Avrutin et al. 2021), it was shown
that an alternative semiconductor laser design, with an asymmetric large optical cavity
waveguide and a bulk active layer near the p-cladding, can yield very efficient lasers, reli-
ably emitting in a single transverse mode and operating in different wavelength ranges.
Experiments have confirmed their effectiveness for the eye-safe spectral range (Halman
et al. 2019, 2021). As shown in our most recent theoretical papers concerning specifically
red-emitting lasers (Avrutin and Ryvkin 2022; Ryvkin and Avrutin 2023), optical losses
and leakage of electrons from the relatively thin (500-700 A) active layer into the emitter
in the proposed design are greatly suppressed for a given temperature (> 300 K).

The proposed lasers may be useful for medical purposes which require red radiation
with a wavelength A > 650 nm which penetrates relatively deeply into the skin (Oda 2024).
For photodynamic therapy, photosensitizers with absorption maxima in the spectral region
A>650 nm are used (Oda 2024), for example, Foscan (A=652 nm) and Photochlor
(A=660 nm) (Parab et al. 2023). By varying the operating temperature, both these wave-
lengths can in principle be accessed by the same laser. The elevated-temperature use of
any laser is however restricted by the well-known decrease in the laser emission power
with temperature, which is due to at least two mechanisms: the increase in the threshold
current with temperature (mainly because of the decrease of gain with temperature at a
given carrier density), and the decrease in the injection efficiency due to thermal electron
escape from the active layer into the p-cladding (which is particularly important in red
AlGalnP lasers (Bour et al. 1993; Smowton et al. 2002)). To minimise the latter effect, and
generally to increase the efficiency of laser operation, it is desirable to achieve lasing at a
value of carrier density in the AL as low as possible. This can be achieved by using a rela-
tively thick active layer with a high confinement factor I",, which can be illustrated using
the simple linear approximation g(N) ~ o,(N — N,,) for the dependence of material gain g
d
j\?/ N=N,,
carrier densities respectively (the approximation is known to be reasonably accurate for
bulk materials, and is acceptable for QWs near transparency). Then, the threshold carrier
density for a laser with total cavity loss of a, is estimated as N, % N,. + —. The constant

on carrier density N, with o, = and N, the gain cross-section and transparency

a,
r, o,

dg
%= w N=N,
used in high-power lasers than in bulk materials which can form the thick AL (Coldren
et al. 2012); however this inequality can be compensated in the design with a thick AL, as
the confinement factor I, can then be made a few times higher than in a Single (and even
Double) strained QW ultranarrow waveguide laser. Besides, the value of N, is known to be
substantially lower in a bulk material than in QWs, see e.g. (Coldren et al. 2012), and in a

high power laser it is always desirable to make N, close to N,., minimising the term ra" .

can be expected to be a few times higher in compressively strained QWs

a%g

Thus, a lower N, value can be expected in the asymmetric laser design with a bulk active
layer than in a symmetric ultranarrow one with a QW AL (particularly as the simple linear
estimate for N, is a conservative one for QWs—the actual value will be higher due to the
noticeably sublinear dependence g(N)). This means that the electron leakage current into
the laser p-cladding, at a given elevated temperature, will be lower in the proposed asym-
metric bulk AL design, affecting threshold current density and injection efficiency, as
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discussed in Section B below. We will also discuss other potential advantages of this design
such as narrower far field, lower series and thermal resistances, and higher catastrophic
degradation threshold.

2 Comparative analysis and discussion

A. Near and far fields and related parameters

The waveguide designs and near fields of the reference ultranarrow symmetric structure
of Hagimoto et al. (2023), Dumke (1975) and the proposed asymmetric structure of Avru-
tin and Ryvkin (2022), Ryvkin and Avrutin (2023) are shown in Fig. 1a and b respectively,
as are the corresponding near field (modal) intensity profiles. Note that the zero of the x
axis in both cases is located at the interface between the waveguide layer and the p-clad-
ding layer.

The waveguide details of the ultranarrow waveguide structure (Fig. la), such as the
values of the refractive indices of the layers forming the waveguide and their thicknesses,
are not to scale and meant for illustration only, since the corresponding data are not given
in Hagimoto et al. (2023). Note however that those data are not necessary for subsequent
analysis, since for the ultranarrow waveguide design, the near field and hence all the rel-
evant technical parameters can be reconstructed with good accuracy from just the far field,
which is known (Hagimoto et al. 2023). In practice, all that is required is the angular half
width at half maximum of the far field ;5 (we used the value 15.5° as in Hagimoto et al.
(2023)). Indeed, since both the optical confinement layer and the active layer in an ultrana-
rrow waveguide are much thinner than the size of the mode, the modal amplitude profile
(the near field normalized so that f q/[%,F(x)dx = 1) can be represented as

wyr@) & y/pexp (—plx — xo|) 1)

where p is the decrement of field decay in the claddings, and x, is the position of the wave-
guide centre. We have chosen to set the zero of the x-axis at the p-OCL/p-cladding inter-
face as in Fig. 1 in order to describe naturally the amount of the light penetrating into the
p-cladding and reaching the p-contact (see Fig. 3 and the corresponding discussion below

for more detail). Then, x, = —<% +d,_ocr )
In an utlranarrow structure, by definition, |x0| << ,17; its value does not affect the far

field. The near field shape (1) corresponds to the far field intensity of

2
2
p-cosf
Iep) =\ ————= 2
rr <p2 +k; sin26)

Here as usual k, = 27/ A and the far field profile is normalized so that /p(0)=1.
This allows the value of p, and hence the shape of the near field (1), to be recovered
from the width of the far field as

sin 6, 5
p=he——— 3)

\/Ecos 0p5 — 1
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Fig.1 The waveguide structure and the modal intensity profile of (a) the ultranarrow waveguide laser
(waveguide structure schematic; modal profile approximately reconstructed from the far field of (Hagi-
moto et al. 2023)) and (b) the asymmetric cavity laser as in (Avrutin and Ryvkin 2022; Ryvkin and Avrutin
2023), with the active layer thickness d,=0.06 pm (solid) and 0.04 pm (dashed)

Note that (2) and hence (3) are almost identical to the corresponding formulas given in
early sources (Dumke 1975; Casey and Panish 1978), except for the extra factor cos® 6 in
(2), and hence cos 65 in the denominator of (3), which only become important for rela-
tively large values of the transverse angle 8. For A=0.655 pm and 6, s=15.5° (Hagimoto
et al. 2023) we get p=4.26 pm~', which is used in producing Figs. 1a, 2 and 3.

Figure 2 shows the calculated Far Field profiles for the two laser designs. For the asym-
metric cavity laser, we used data from Avrutin and Ryvkin (2022), Ryvkin and Avrutin
2023), with the same active layer thickness values (d,=0.04 ym and d,=0.06 um). The far
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field profile of the ultranarrow waveguide has been calculated using Eq. (2), with the value
of p calculated using (3) for two values of 6, 5: firstly, 6,5=15.5° as in Hagimoto et al.
(2023) and, secondly, 8,5=11.3° which matches the value predicted for an asymmetric
waveguide laser design with d,=0.06 um.

As is clearly seen, the proposed asymmetric, bulk active layer laser design is expected to
give a substantially narrower far field than that experimentally observed in the ultranarrow
waveguide QW AL laser of Hagimoto et al. (2023) (which can be expected for this specific
pair of structures given the broader near field in the asymmetric one). By reducing the
thickness of the ultranarrow waveguide QW AL laser compared to the one used in Hagi-
moto et al. (2023), it is possible to match the 6, 5 value of the asymmetric waveguide/bulk
AL structure as in Fig. 2, but even in that case, the far field of the asymmetric structure will
remain narrower than that of the ultranarrow symmetric one at the 1/¢? level.

Figure 3 shows the dependences of normalised modal light intensity profiles J=y
reaching the (lossy) p-contact layer (located adjacent to the p-cladding, can be seen as the
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right extent of Fig. 1), as well as those of the optical confinement factors I',_ ., on the
p-cladding thickness x,_, (the distance from the optical confinement layer to the p-GaAs
contact layer). With our notations, x,_,, is essentially the extent of the x coordinate in
Fig. 1.

The solid and dashed lines in the figure are for the asymmetric waveguide structure of
Avrutin and Ryvkin (2022), Ryvkin and Avrutin 2023) as shown in Fig. 1b, and are calcu-
lated using the waveguide parameters from Avrutin and Ryvkin (2022), Ryvkin and Avru-
tin 2023). The dash-dotted lines show the values for the ultranarrow waveguide structure
(Fig. 1a) estimated using (1), (3)—the actual I',_, will be slightly lower as some power
will be contained within the waveguide layer.

As can be seen from Fig. 3, the value of the modal intensity at the OCL/p-cladding
interface of the ultranarrow waveguide is substantially greater than that for the asymmetric
waveguide: J,,(0)> > J, . (0). Moreover, the modal intensity of the asymmetric waveguide
Jos(x,_ ) falls with the argument significantly more sharply than the corresponding value
for the ultranarrow waveguide J,,(x,_ ). Thus J,,(x,_ ) > >J,(x,_ ), and the difference
between them increases exponentially with x,_ .,

The recommended values of the p-cladding thickness for a specific laser design can be
estimated from the condition that J(x,_ ) does not exceed a certain (very low) value, so that
the fraction of radiation absorbed in the p-GaAs contact layer and the metal contact itself
(with an absorption coefficient>10* cm™!) is kept small. Requiring that Jx,_a) < 107
gives x,_, @~ 1.2 um for the reference ultranarrow waveguide and Xp_cl @)~ 0.4 um for
the proposed asymmetric waveguide. Therefore, the series and thermal resistances associ-
ated with the p-claddings are much higher in a ultranarrow waveguide laser. Accordingly,
asymmetric waveguide bulk active layer lasers promise significantly higher current densi-
ties to be accessible without causing significant heating. Earlier, the effect of the p-clad-
ding layer thickness on the performance of AlGalnP lasers was investigated in Smowton
et al. (2002). The authors found it very useful to decrease the p-cladding layer thickness
in their structure down to 0.5 pm (further decrease in the emitter thickness led to a sharp
increase in optical losses due to absorption in the p-GaAs contact layer). However, in the
lasers studied in Smowton et al. (2002), due to noticeable overlap of the optical mode with
the highly doped p-cladding layer, free carrier absorption in this layer results in some, non-
negligible, optical losses. In our case, the modal overlap with the p-cladding, and hence
the free carrier absorption in it, are negligible (Fig. 3). Another design in which the modal
overlap with the p-cladding can be made negligible is the Large Optical Cavity AlGalnP
laser design with a symmetric relatively thick waveguide (Lichtenstein et al. 2000). This,
however, has another limitation since in such a design, the thermal and series resistance
improvement is partly limited by the resistance of the lightly doped p-side of the wave-
guide. In our structure, with the p-side of the waveguide extremely thin, the corresponding
resistance is substantially lower. This is very similar to the situation in lasers emitting at a
wavelength near 1 um, with the InGaAs QW active layer located very close to the p-clad-
ding (Crump, et al. 2013; Hasler et al. 2014).

We proceed with comparing the potential of each of the designs from the point of view
of reaching the narrow far field without excessive penalty to the active layer confinement
factor I",, and hence the threshold carrier density and the threat of carrier leakage. The
result is shown in Fig. 4.

We use the far field width as the common technical parameter for the two very differ-
ent designs. In the proposed design, the variation of the far field width is assumed to be
achieved by varying the active layer thickness d, (Fig. 4a) because in these structures, d,
directly affects waveguiding (Ryvkin et al. 2020; Avrutin et al. 2021; Halman et al. 2019,

—cl
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Fig.4 Active layer confinement factor I", and the equivalent spot size s=d /I', of the transverse mode for
the asymmetric laser design (a) and for the ultranarrow symmetric one (b). Dashed lines indicate the struc-
tures with the recommended value d,=600 A and, accordingly, 6, =22.6° (Fig. 4a) and the experimentally
realized (Hagimoto et al. 2023) 6, =31° (Fig. 4b)

2021). In the reference ultranarrow waveguide, the far field is assumed to be varied by
varying the waveguide layer parameters (Shashkin et al. 2020); for example, decreasing
6, from the experimental value of 31° (Hagimoto et al. 2023) can be achieved by decreas-
ing the thickness d,,_ oo, =d,_ ¢, (Fig. 1a) compared to the value used in Hagimoto et al.
(2023) and hence decreasing the field decay decrement p, while keeping the active layer
thickness constant at d,=50 A (Kongas et al. 1998; Sumpf et al. 2011). The narrowest far
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field represented in the figure corresponds to the p-cladding thickness in the ultranarrow
design (necessary to avoid the field reaching the contact layer) of approximately 2 pm—
further decrease in €, would have required even broader claddings which we consider
impractical from the thermal and series resistance point of view.

As can be expected, in the proposed asymmetric waveguide with its relatively thick bulk
active layer, the active layer confinement factor I', is substantially greater than in the refer-
ence ultranarrow waveguide—the effect of this difference on the laser performance will be
analysed in more detail below (Section B).

Figure 4 also illustrates another important consideration worth noting. An important
limitation to the output power of AlGalnP red lasers, such as those compared here, is Cata-
strophic Optical Degradation (COD) (Lichtenstein et al. 2000). It is well known that COD
occurs when the local optical power density within the active layer near the facet reaches a
certain critical value p,, which can be considered a relatively weak function of the laser
structure. The COD power threshold (i.e. the output power P, at which the COD hap-

pens) is then evaluated, following (Lichtenstein et al. 2000), as P.op = pCOD:—ﬁw%

(where R is the output facet reflectivity, w the stripe width, d, the active layer thickness and
I, the active layer optical confinement factor) and is thus proportional to the value of the
equivalent spot size s=d /I",. This means that in the design proposed in our theoretical
papers (Avrutin and Ryvkin 2022; Ryvkin and Avrutin 2023), P-,p can be confidently
expected to be significantly higher than in the design of Hagimoto et al. (2023)—as can be
seen in Fig. 4, this is particularly pronounced for the small values of 8

This may allow fabrication of lasers without the need for window regions (Hagimoto
et al. 2023) or other surface passivation techniques, making for a simpler design, lower
fabrication costs and higher yield.

B. Threshold and power characteristics

Knowing the electromagnetic properties of the laser structures (most importantly
I',), we can compare the threshold currents as functions of temperature for the asym-
metric structure with a bulk active layer and a ultranarrow symmetric waveguide with a
compressively strained QW AL (Hagimoto et al. 2023). This characteristic is important,
both directly because CW red lasers are operated not too high above threshold so their
threshold current has an important effect on the output power, and because it is the main
mechanism of the self-heating effect in a CW operated laser and is needed to evaluate the
effects of self-heating (though this is not important for the parameter range used here, as
discussed below). While with the proposed asymmetric bulk active layer structures, in the
absence of experiments, we have to rely on calculated values, for the Quantum Well ultra-
narrow design we use experimental data as much as possible. Figure 5 shows the tempera-
ture dependence j,(T) of the threshold current density for a possible ultranarrow structure
operating at A=655 nm, obtained by linear interpolation between experimental depend-
ences for A=652 nm and A=659 nm given in Hagimoto et al. (2023) for T=303-323 K
(dashed curve). Shown alongside it is the j,(T) dependence for the proposed asymmetric
waveguide, bulk AL design, which has been calculated from first principles using the same
model as in the previous papers (Avrutin and Ryvkin 2022; Ryvkin and Avrutin 2023). We
have taken the cavity length L=1.54 mm to have approximately the same output losses in
both cavities, and for ease of comparison have included on the right vertical axis the full
current for a stripe width of w=_80 pm (note that in Ryvkin and Avrutin (2023), Fig. 6, dif-
ferent values of w=200 pm and L=2 mm were assumed).
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The results show that at room temperature, when the carrier leakage is not very strong,
the bulk active layer gives somewhat higher threshold than the QW designs due mainly to
the broader AL (note that the d, value in the proposed laser structure is more than an order
of magnitude greater than that in the QW AL for the reference structure, but its j,, value
is only about 1.5 times greater than in the reference structure, which implies a substan-
tially lower threshold carrier density). The slower threshold increase with temperature
(higher characteristic temperature 7,) of the bulk AL (mentioned briefly in Ryvkin and
Avrutin (2023)) makes the proposed design advantageous at elevated temperatures. Within
the experimental temperature range (300-323 K), the dependence j,,(T) for the reference
(ultranarrow) structure (Hagimoto et al. 2023) is approximated reasonably well by the
usual phenomenological relation j,(T) ~ j,(Trpexp((T— Trp)/T,), with Tpp=300 K and
T,~ 87 K (Fig. 5). Extending the same approximation to higher temperatures (the thin line
in Fig. 5), we estimate that the crossover of the two dependences is at no more than 50-55°
above room temperature (in practice it can be expected to be lower, as T is known to
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993 Page 100f 12 B. Ryvkin, E. Avrutin

decrease with temperature whereas we use a constant room-temperature value). At higher
temperatures, the threshold current density of the bulk AL structure is lower than that of
the ultranarrow strained-QW one.

From the analysis the threshold current, we can make some predictions on how the out-
put (power) curves) at different temperatures for the two designs will compare with each
other. The results are shown in Fig. 6 for two values of temperature: room temperature
(T=303 K or 30 °C, lines 1,1’) and moderately elevated temperature (T'=313 K or 40 °C,
lines 2,2’), for the same cavity geometry as in Fig. 5. The dependences are plotted up to
the power of 1.2 W (as in Hagimoto et al. (2023)), which is the typical required power
value for a number of medical applications (Hagimoto et al. 2023). For the reference, ultra-
narrow structure operating at 655 nm, we obtain the light—current curves at 303 K (17)
and 313 K (2°) in the same way as the data in Fig. 5, by linearly interpolating both the
threshold current and the slope efficiency near threshold from the data measured in Hagi-
moto et al. (2023) for A=652 nm and A=659 nm. Although the measurements in Hagi-
moto et al. (2023) were performed under true CW operation, we believe self-heating was
negligible, since the light—current dependences are straight lines to a good accuracy for
the current/power range and temperatures shown. The dependences for the proposed asym-
metric waveguide with a bulk active layer (1, 2) are calculated from first principles as in
Ryvkin and Avrutin (2023), taking into account the temperature dependence of the thresh-
old current and injection efficiency. Since we are confident that the thermal resistance of
the proposed design can be made no greater than in the reference one (in fact, it is likely
to be smaller as discussed above), no self-heating needs to be taken into account in the
calculations. Despite the threshold currents of the proposed design being higher than those
for the reference one for this range of temperatures, the desired power output of 1.2 W is
predicted to be achieved at lower currents for both temperatures, and this current difference
increases with temperature. This is due to the high injection efficiency of our lasers which
decreases very weakly with temperature under the slight temperature increase above room
temperature (Ryvkin and Avrutin 2023).

C. Summary and discussion

Summarising, we note that the proposed lasers are predicted to compare favourably with
the state of the art by promising lower series and thermal resistance and higher catastrophic
degradation threshold. The lower carrier escape, hence higher injection efficiency, in the
proposed laser design leads to a superior power output predicted above a certain injection
current level, allowing the required power to be achieved at a lower current, particularly at
elevated temperatures. In addition, a narrower far field is predicted, promising more effi-
cient fibre input.

We note finally that the thick AL can, in principle, be either a bulk layer or a Multiple
Quantum Well (MQW) one (the wells in it would have to be unstrained, as the number
of strained wells in a laser structure is by necessity strongly limited). However the MQW
AL with the same total thickness as the bulk AL would result in a smaller active thickness
(excluding the barriers which, in the first approximation, do not contribute to modal gain),
and hence I',0, product, compared to a bulk AL. Besides, the relatively large number of
QWs that would be required could result in uneven well occupation and also, as mentioned
earlier, the value of N, is lower in a bulk material than in QWs, see e.g. (Coldren et al.
2012). Thus we see no advantages in using a more complex MQW active layer compared
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to a bulk one as the regards the modal gain (Avrutin et al. 2020) and have chosen the bulk
active layer.
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